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Cultured monkey kidney cells transfected with simian virus 40 (SV40)-pBR322-
derived deoxyribonucleic acid (DNA) vectors containing the Escherichia coli
gene (Ecogpt, or gpt) coding for the enzyme xanthine-guanine phosphoribosyl-
transferase (XGPRT) synthesize the bacterial enzyme. This paper describes the
structure of the messenger ribonucleic acids (mRNA’s) formed during the expres-
sion of gpt and an unexpected feature of the nucleotide sequence in the gpt DNA
segment. Analyses of the gpt-specific mRNA’s produced during infection of CV1
cells indicate that in addition to the mRNA’s expected on the basis of known
simian virus 40 RNA splicing patterns, there is a novel SV40-gpt hybrid mRNA.
The novel mRNA contains an SV40 leader segment spliced to RNA sequences
transcribed from the bacterial DNA segment. The sequence of the 5'-proximal
345 nucleotides of the gp¢ DNA segment indicates that the only open translation
phase begins with an AUG about 200 nucleotides from the end of the gpt DNA.
Two additional AUGs as well as translation terminator codons in all three phases
precede the XGPRT initiator codon. Deletion of the two that are upstream of the
putative start codon increases the level of XGPRT production in transfected cells;
deletion of sequences that contain the proposed XGPRT initiator AUG abolishes
enzyme production. Based on the location of the XGPRT coding sequence in the
recombinants and the structure of the mRNA’s, we infer that the bacterial
enzyme can be translated from an initiator AUG that is 400 to 800 nucleotides

from the 5’ terminus of the mRNA and preceded by two to six AUG triplets.

A principal goal of our laboratory has been to
adapt simian virus 40 (SV40) as a vector for
introducing genes into mammalian cells (7, 8,
21-23). One effort was directed at developing
vectors which promote the expression of com-
plementary deoxyribonucleic acid (cDNA) or
other protein coding sequences, since these lack -
sufficient information to effect their own tran-
scription and processing. After recognizing that
splicing was needed to ensure maximal accu-
mulation of SV40 late messenger ribonucleic
acids (mRNA’s) (8, 10), it became possible to
engineer the expression of a variety of sequences,
including cDNA's for rabbit 8-globin (22), rabbit
a-globin (H. Okayama and P. Berg, manuscript
in preparation), mouse dihydrofolate reductase
(S. Subramani, R. C. Mulligan, and P. Berg,
manuscript in preparation), and bovine parathy-
roid hormone (R. C. Mulligan, H. M. Kronen-
berg, A. Rapoport, I. Tepler, J. T. Potts, A. Rich,
and P. Berg, unpublished data). Success in these

1 Present address: Center for Cancer Research, Massachu-
setts Institute of Technology, Cambridge, MA 02139, and
Endocrine Unit, Massachusetts General Hospital, Boston, MA
02114.

cases depended upon specific SV40 DNA se-
gquences for the initiation, termination, and mat-
uration of SV40 RNA transcripts and some in-
ferences about the optimal placement of protein
coding sequences within an mRNA for efficient
translation.

The availability of cloned procaryote DNA
segments coding for unique products provides a
potentially rich source of genes for introduction
into mammalian cells. Accordingly, we examined
the feasibility of transducing animal cells with
bacterial genes. For a variety of reasons, the
Escherichia coli gene (Ecogpt, or gpt) encoding
xanthine-guanine phosphoribosyltransferase
(XGPRT) (12) seemed a promising candidate.
E. coli XGPRT resembles the animal cell hy-
poxanthine-guanine phosphoribosyltransferase
(HGPRT) in that it utilizes hypoxanthine and
guanine in the condensation with phosphoribo-
syl pyrophosphate to form inosinic and guanylic
acids, respectively (16, 20). However, in contrast
to the mammalian HGPRT (16) bacterial
XGPRT also catalyzes an efficient conversion of
xanthine to xanthine 5-monophosphate (20).

The isolation of the gpt gene by using standard
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recombinant and genetic techniques, its recom-
bination with several SV40 vectors, and its
expression in a variety of cultured mammalian
cells have already been described (21). In this
paper, we examine the structure of the gpt-spe-
cific mRNA’s formed after transfection of mon-
key cells with several vector-gpt recombinant
DNAs to help clarify the mode of their expres-
sion. The results suggest that initiation sites for
translation of bacterial genes can be recognized
in mammalian cells, even when these signals are
distant from the 5’ terminus of the RNA and
preceded by other AUGs.

MATERIALS AND METHODS

Cell culture and DNA transfection. CV1 cells
were maintained in Dulbecco-modified Eagle medium
supplemented with 5% fetal bovine serum (Microbio-
logical Associates), penicillin, and streptomycin.
Twenty-four hours after seeding 10° cells on 100-mm
plates, the cultures were transfected with 10 ug of the
appropriate pSV-gpt DNA by using the procedure of
Graham and Van der Eb (9) as modified by Parker
and Stark (24).

Electrophoretic assay of purine phosphoribo-
syltransferase. Seventy-two hours after transfection
of CV1 cells with pSV-gpt DNAs, cell extracts were
prepared as described earlier (21) and electrophoresed
on 7.5% acrylamide gels buffered with 02 M
tris(hydroxymethyl)aminomethane (pH 8.5). The gels
were assayed in situ for GPRT activity by a modifi-
cation (21) of the method of Chasin and Urlaub (4).

Analysis of pSV-gpt RNAs. The isolation of cy-
toplasmic polyadenylate-containing RNAs from CV1
cells and their analysis (1) by electrophoresis in de-
naturing gels, transfer to nitrocellulose sheets, and
hybridization with appropriate labeled probes have
been described previously (22). The spliced structure
of the RNAs was analyzed by Weaver and Weiss-
mann’s modification (28) of the procedure of Berk and
Sharp (2); end-labeled hybridization probes (indicated
in the text) were prepared with restriction fragments
from which the 5-terminal phosphate residues had
been removed with calf intestinal phosphatase (Boeh-
ringer-Mannheim) and then restored with adenosine
5'-[y-"Pltriphosphate (New England Nuclear Corp.)
and T4 polynucleotide kinase (Boehringer-Mann-
heim) (18). After hybridization of the RNA with an
excess of the appropriate labeled DNA fragment, the
RNA:DNA hybrid was digested with S1 nuclease
(Boehringer-Mannheim), precipitated with ethanol,
denatured in NaOH, and electrophoresed in a 1.5%
alkaline agarose gel (30 mM NaOH, 1 mM ethylene-
diaminetetraacetic acid).

Nucleotide sequence of gpt DNA. pSV2-gpt
DNA (see Fig. 1) was cleaved with HindIII or Bglll
endonuclease (Bethesda Research Laboratories) and
then treated with calf alkaline phosphate, and the 5’
ends were labeled with T4 polynucleotide kinase and
adenosine 5'-[y-"*P]triphosphate. The resulting **P-la-
beled linear DNAs were digested with BamHI endo-
nuclease, and the HindlIIl end-labeled gpt-containing
fragment (1 kilobase [kb]) and both end-labeled BglII
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fragments (09 and 4.2 kb) were analyzed by the
Maxam-Gilbert nucleotide sequencing technique (18).

&pt complementation assay. E. coli GP120 (gpt
purkE) (12), obtained from J. Gots, University of Penn-
sylvania, Philadelphia, was transformed by various
plasmid DNAs in the standard way (17). Ampicillin-
resistant transformants were selected on L-broth
plates containing 50 ug of ampicillin per ml; then, after
purification, each colony was tested for the ability to
grow on a medium containing minimal salts and gua-
nine. The gpt hpt* E. coli strains (such as GP120)
grow slowly on this medium, but the Gpt* phenotype
is clearly recognizable by substantial colony growth in
24 to 36 h (12).

Construction of gpt deletions. pSV2-gpt DNA
was digested with BglIl or Kpnl endonuclease to
completion and incubated with E. coli Poll (a gift of
S. Scherer, Stanford University, Stanford, Calif.) and
the four deoxynucleoside triphosphates for 45 min at
15°C as already described (22). HindIII linkers (Col-
laborative Research), in 40-fold molar excess, were
ligated to the blunt-ended termini via ligation with T4
DNA ligase (gift of S. Scherer) (11). After inactivation
of the T4 DNA ligase and digestion with HindIll
endonuclease, the reaction mixture was diluted to a
DNA concentration of 2 ug/ml and incubated with T4
DNA ligase for 24 h at 15°C. Under these conditions,
intramolecular joining of the ends to form circular
DNAs is the predominant reaction. E. coli HB101 was
transfected with various dilutions of the ligated DNA,
and transformants were obtained on plates containing
ampicillin. The plasmid DNA obtained from a number
of transformants (5) was screened for the desired
structures by cleavage with appropriate restriction
enzymes and electrophoresis in 1.2% agarose gels.

RESULTS

Transfecting vectors for gpt expression.
The construction and propagation of SV40 re-
combinant genomes containing a rabbit 8-globin
c¢DNA sequence in place of various portions of
the late region has already been reported (22,
23). Analogous recombinants have also been
constructed with a mouse dihydrofolate reduc-
tase cDNA (3) as the inserted segment (Subra-
mani et al., in preparation). Infection of cells
with these recombinant genomes yields RNAs
whose structures are consistent with those pre-
dicted on the basis of SV40 mRNA structures,
1.e. RNAs corresponding in size and structure to
SV40 16S and 19S late mRNA’s; moreover, the
polypeptides encoded by the cDNA'’s are also
synthesized.

In applying this strategy to the cloning ot the
gpt DNA (21), we found it difficult to propagate
the virions containing hybrid SV40-gpt genomes;
generally, plaque-purified stocks of SVGTS5-
£gpt contained predominantly the helper virus
(tsA58), variable but low amounts of the ex-
pected recombinant genome, and recombinant
genomes with aberrant structures (Mulligan and



Vor. 1, 1981

0.1 0.17

0.325

pBR322

pSV1GT5~gpt

LATE

pBR322 ori

BACTERIAL GENE EXPRESSION IN MAMMALIAN CELLS

451

F1a. 1. Structure of pSV-gpt recombinants. All the vectors are shown with the gpt segment hatched. The
solid black segments in each of the diagrams represent pBR322 DNA sequences. In pSV1GT5- and pSVIGT?7-
&pt, the pBR322 segment is the 4-kb fragment that extends from its unique HindIII restriction site to the
unique BamHI site, whereas in pSV2-gpt, it is the 2.3-kb fragment that extends from the unique EcoRI
restriction site to the unique Puvull restriction site. SV40 sequences in pSV1GTS- and pSV1GT7-gpt are shown
as open or shaded portions of the circle, and those in pSV2-gpt are shown as stippled or shaded regions.
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Fic. 2. Asssay of extracts from pSV.-gpt-trans-
fected cells for GPRT activily after electrophoresis in
polyacrylamide gels. The positions of CV1 HGPRT
and E. coli XGPRT are indicated. Each extract sam-
ple corresponds to approximately 10° cells.

Berg, unpublished data). The reasons for this

difficulty are not clear, but virus production may -

be reduced in cells that are amplifying recom-
binants with an expressible gpt gene. This prob-
lem was averted by the use of recombinants that
contain the desired SV40-gpt structures inserted
into pSV1, an SV40-pBR322 hybrid DNA which
can be propagated and maintained as a plasmid
in E. coli. (The details of the construction and
characterization of pSV1 and its derivatives are
being published elsewhere.) Each of the result-
ing recombinant plasmids, pSV1GT5-gpt and
pSV1GT7-gpt (Fig. 1), retains an intact early
region, which permits them to replicate in ani-
mal cells, as well as those portions of the late
region needed for the synthesis of late RNAs. In
pPSV1GT5-gpt, the gpt segment replaces the cod-
ing sequence for the major capsid protein, VP1;
in pSV1GT7-gpt, some of the coding region for
the minor capsid proteins VP2 and VP3 is de-
leted as well. The gpt gene has also been inserted
into another vector, pSV2 (Fig. 1) (B. H. How-
ard, P. J. Southern, and P. Berg, manuscript in
preparation) so that the formation of XGPRT is
mediated by SV40 early rather than late tran-
scription. Because pSV1GT5-gpt and pSV1GT7-



452

MULLIGAN AND BERG

ki

Fic. 3. Analysis of pSV-gpt RNAs. Sizes of gpt-
containing mRNA’s. See the text for reference to the
electrophoretic, blotting, and hybridization proce-
dures. The probe for the blot hybridization was **P-
labeled pBR322-gpt DNA. HindII-cleaved SV40 DNA
provides the size markers. Each track contained
RNA extracted from approximately 4 X 107 trans-
fected cells.

£pt contain more than 9 kb of DNA, they cannot
be incorporated into SV40 virions. Nevertheless,
these plasmids can be propagated in E. coli, and
the DNA obtained from such bacterial cultures
can be introduced into CV1 cells by using stan-
dard techniques of DNA transfection (9, 24) (see
Materials and Methods). Although only about 5
to 10% of the cells are transfected with the
plasmid DNAs under these conditions, expres-
sion of the bacterial enzyme can be detected by
the appearance in the cell extracts of GPRT
activity with an electrophoretic mobility char-
acteristic of E. coli XGPRT (Fig. 2). Such trans-
fected cells have been used to examine the struc-
ture of the gpt-specific mRNA’s responsible for
XGPRT production.

Production of SV40-gpt RNA in pSV-gpt-
transfected cells. Our present understanding
of SV40 transcription permits certain predic-
tions about the structure of the mRNA species
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that would be produced by the above recombi-
nants. pSV1GT5-gpt retains all of the noncoding
nucleotide sequences involved in the biogenesis
of SV40 late RN As: the SV40 late promoter and
the sites involved in RNA splicing, transcription
termination, and polyadenylation. Only the re-
gion encoding the SV40 major capsid protein,
VP1, has been replaced by the gnt DNA seg-
ment. It would be expected, therefore, that the
expression of pSV1GT5-gpt should yield two
polyadenylated, gpt-containing RNAs corre-
sponding in structure to the 16S and 19S SV40
late mRNA’s. Since the 1-kb gpt segment is the
same size as the excised VP1 coding sequence,
the SV40-gpt hybrid RNAs should be the same
size as the SV40 16S and 19S mRNA'’s (1.5 kb
and 2.3 kb, respectively). With pSV1GT7-gpt,
however, the site to which the SV40 168 leader
(map position 0.72 to 0.76) is spliced (map posi-
tion 0.939) (6) is absent. Consequently, only one
mRNA species (about 1.9 kb), corresponding to
the SV40 19S class of late mRNA, should be
produced by this hybrid.

These predictions were tested by transfecting

'CV1 cells with pSV1GT5-gpt or pSV1GT7-gpt

DNA and examining the cytoplasmic polyade-
nylated RNAs by electrophoresis in 1.5% dena-
turing agarose gels (19), transfer to diazotized
benzyloxymethyl paper (1), and hybridization of
the blots with *P-labeled, nick-translated
pBR322-gpt DNA (26) (Fig. 3). With pSV1GT5-
gpt, gpt-containing mRNA's of the expected size
(1.5 and 2.3 kb) are readily discernible; similarly,
transfections with pSV1GT7-gpt DNA yield the
expected 1.8-kb mRNA. However, in contrast to
the result with SV40 DNA in which there is
considerably more 16S than 19S mRNA (29),
transfections with pSV1GT5-gpt produce less
16S- than 19S-like mRNA. Moreover, an unex-
pected RNA, 1.2 kb in length, is produced in
cells transfected with both pSV1GT5-gpt and
pSV1GT7-gpt. This novel RNA contains SV40
late leader sequences, since it also hybridizes
with a DNA probe containing sequences from
that region (0.67 to 0.76 map unit) (data not
shown).

Another facet of the ‘structures of the gpt-
containing RNAs produced by these recombi-
nants was revealed by using the Weaver-Weiss-
mann modification (28) of the method of Berk
and Sharp (2). In this procedure *P-end-labeled
probes, obtained from pSV1GT5-gpt and
pSV1GT7-gpt DNAs (see Fig. 4A), were an-
nealed with RNA from the corresponding trans-
fections; then, the RNA:DNA hybrids were di-
gested with S1 nuclease, and the lengths of the
protected **P-labeled fragments were deter-
mined by electrophoresis in alkaline agarose gels
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Fic. 4. (A) Splicing of gpt-containing mRNA’s. The specific end-labeled probes hybridized to the respective
RNA samples are indicated with solid lines for SV40 sequences and by the hatched box for gpt sequences. The
distances in nucleotides between restriction endonuclease sites for a number of enzymes are indicated, as are
the lengths of the observed protected fragments. The asterisks indicate the label at the 5 end. (B) After
hybridization of the labeled DNA probes to the RNA, the samples were digested with S1 nuclease and
electrophoresed (see text for details). The markers, whose sizes are shown in kb, were obtained by cleavage of
the P-end-labeled pSVIGTS5-gpt and pSV1GT7-gpt probes with Hincll, HindIII, Bglll, or KpnI endonucle-
ases. The pSVIGT5-gpt and pSVIGT7-gpt RNA samples were extracted from 2 x 1 0" cells; the pSV2-

transfected and pSV2-transformed cell RNAs were obtained from about 108 cells.
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(Fig. 4B). The length of the labeled DNA frag-
ments measures the segment length of RNA that
is homologous to the labeled end and a contig-
uous region of the vector DNA, thereby indicat-
ing the site(s) at which splicing has occurred.
For pSV1GT5-gpt RNA, protected fragments of
1 and 2 kb are consistent with the structures of
the expected 16S and 19S-like RNAs. Similarly,
the 1.5-kb labeled DNA protected by pSV1GT7-
gpt RNA is consistent with the expected struc-
ture of the 19S-like RNA. The presence of a
0.67-kb protected fragment with RNA from
pSV1GT5-gpt and pSV1GT7-gpt (Fig. 4B) indi-
cates that the 1.2-kb RNA is also spliced, with
an SV40 leader segment joined to a sequence
within the bacterial DNA segment.

To assess the possibility that an S1 nuclease-
sensitive site within the pSV1GT5-gpt or
pSV1GT7-gpt RNA:DNA hybrids accounts for
the 0.67-kb protected fragment, RNA obtained
from cells transfected with pSV2-gpt DNA or
from TC7 cells that contain a single integrated
copy of pSV2-gpt DNA (Mulligan and Berg,
unpublished data) was analyzed with the end-
labeled probe used for the pSV1GT5-gpt RNA.
With RNA from either pSV2-gpt-transfected or
-transformed cells, only a single fragment, 1 kb
in length, was protected (see Fig. 4B); this indi-
cates that the entire gpt sequence is represented
in the RNA produced by pSV2-gpt and that no
anomalous cleavage by S1 nuclease occurs
within that sequence. Our findings and interpre-
tations concerning the structure of the mRNA’s
produced by pSV1GT5- and pSV1GT7-gpt
DNAs are summarized in Fig. 5.

A
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5" Nucleotide sequence of gpt. At the time
gpt was cloned, the position of the XGPRT
coding sequence within the 1-kb DNA segment
was not known. To aid in the identification of
which of the gpt-containing mRNA'’s are trans-
lated to yield XGPRT, we sought to locate the
enzyme’s amino-terminal coding sequence. Since
the amino acid sequence of the protein is not
known, the location of the start of the coding
region in the sequence cannot be identified sim-
ply. Nevertheless, the sequence of the 5-proxi-
mal 345 nucleotides in the gpt DNA segment
(Fig. 6A) reveals an open translation phase that
is appropriate to code for XGPRT.

The expected nucleotide sequences for the
already established HindIIl, Bg/ll, and Kpnl
restriction endonuclease sites are located at nu-
cleotides 1, 121, and 322, respectively. Note that
there is a near-perfect Pribnow box (25) strad-
dling nucleotide 127, and promoter-associated
sequences about 35 nucleotides upstream from
the Pribnow box (27). Perhaps this locates the
£pt promoter that permits efficient expression of
the gpt segment from plasmid-gpt recombinants
propagated in E. coli (21). The disposition of
AUG and termination codons reveals that there
is only one translation phase that could encode
XGPRT, that is, one extending from nucleotide
199 to the end of the determined sequence.
Within these latter approximately 150 nucleo-
tides, there are four additional AUGs; two are in
phase with the proposed reading frame, whereas
two others occur in translation phases that are
followed by termination codons.

The nucleotide sequence to which the leader

N\ 0.325

Fic. 5. Summary of the structures of pSV-gpt RNAs. The wavy lines indicate that the RNAs are composite
structures. composed of SV40 leader sequences linked to RNA segments containing the coding regions. The
dashed endpoints of the leader sequences are intended to indicate the heterogeneity of the 5 ends (6). The
truncated endpoint of the gpt-derived sequences in the small RNAs produced by pSV1GT5- and pSV1GT7-gpt
represents the approximate location at which the SV40 leader has been spliced into the gpt segment.



VoL. 1, 1981

(A) 1

| Hindlli

BACTERIAL GENE EXPRESSION IN MAMMALIAN CELLS

30
[

455

60
|

AAGCTT|GGACACAAGACAGGCTTGCGAGATATGTTTGAGAATACCACTTTATCCCGCGTCAGGGAGAGGCA

90
f

120 ggm

GTGCGTAAAAAGACGCGGACTCATGTGAAATACTGGTTTTTAGTGCGCC|AGATCT|CTATAATCTCGCGCA

150
I

180 210
| |

ACCTATTTTCCCCTCGAACACTTTTTAAGCCGTAGATAAACAGGCTGGGACACTTCACATGAGCGAAAAA

240

270
|

TACATCGTCACCTGGGACATGTTGCAGATCCATGCACGTAAACTCGCAAGCCGACTGATGCCTTCTGAAL

300

Kpnl 3?2 330

| |
AATGGAAAGGCATTATTGCCGTAAGCCGTGGCGGTCTIGGTACOGGETGCGTTACTGECGCGTGAA

(B) S30 S93Tge T177 T2ag T2765282 T342
T76 Tiee  S199—S229 — Szgg————
T3g T173 T200 S242 T266 T302
t 127 a1
tF tTATAATc !
Hindlly Balllyq

Fic. 6. 5-Nucleotide sequences of gpt. (A) The HindlIII, Bglll, and Kpnl endonuclease cleavage sites are
indicated. (B) The letters S and T represent AUG and any one of the known termination codons, respectively;
the subscripts indicate the distance of the codon (in nucleotides) from the 5 end. The 7-nucleotide sequence
adjacent to the BgIII site locates a putative E. coli Pribnow box (25).

is spliced in the novel 1.2-kb RNA has not been
determined, but the size of the gpt fragment
protected in the S1 nuclease analysis indicates
that the discontinuity occurs in the vicinity of
the Kpnl site at nucleotide 322, more than 100
nucleotides beyond the putative start of the
XGPRT coding sequence. Since the aberrant
splice removes the start of the XGPRT coding
sequence, we surmise that the novel mnRNA does
not produce active XGPRT.

Note that within the 198 nucleotides preced-
ing the putative XGPRT coding sequence there
are two AUG codons at nucleotides 30 and 93.
However, each is followed by termination co-
dons in all three translation phases. Thus, if the
gpt-containing 16S-like mRNA produced in
pSV1GT5-gpt-transfected cells contains the
characteristic 200-nucleotide leader segment
spliced to the SV40 sequence 5’ proximal to the
gpt segment (6), then the XGPRT initiation
codon is more than 400 nucleotides from the 5
terminus of the RNA; moreover, that AUG co-
don is preceded by three AUGs, one in the leader
segment and two in the gpt sequence. The
corresponding 19S-like mRNA produced in

pSV1GT7-gpt-transfected cells is also trans-
lated to XGPRT; in this case the start of the gpt
coding sequence may be as much as 700 to 850
nucleotides from the 5’ terminus of the mRNA
and be preceded by five AUGs, one in the leader,
two in the VP2-VP3 coding sequence, and two
in the gpt segment.

Deletions within the gpt sequence which
affect the level of XGPRT production. To
evaluate the assighment of the AUG at nucleo-
tide 199 as the initiation codon for XGPRT and
to evaluate the importance of the gpt 5’-untrans-
lated region for expression of XGPRT, the first
121 or 322 nucleotides were deleted from the gpt
segment in pSV2-gpt (see Fig. 7 and Materials
and Methods). The variant plasmid DNAs were
introduced into Gpt™ E. coli (GP120) to deter-
mine whether they still expressed gpt (21).
GP120 can grow in minimal media supplemented
with guanine but not in its absence; cells that
acquire pV2-gpt grow well in the absence of
guanine (21). GP120 cells that acquire pSV2-gpt
lacking the 5’ segment up to the Kpn restriction
site [pSV2-gpt A(HindlIIl-Kpnl)] were Gpt~;
those that received pSV2-gpt with the deletion
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Fic. 7. Deletions of gpt sequences which affect XGPRT expression. See the text for the details of the
construction of the deletions. The numbers in parentheses indicate the distance in nucleotides from the 5 end

of the gpt fragment.

extending from the 5 end to the BglII cleavage
site [pSV2-gpt A(HindIII-BglIl)] grew slowly.
These results suggest that in E. coli the first 121
nucleotides of the gpt DNA segment are needed
for high-level expression of gpt and that the next
200 are essential for any expression. Quite pos-
sibly, removal of the first 121 residues in the
sequence reduces transcription and hence gpt
expression by deleting the —35 region upstream
of the Pribnow sequence (27). Probably, the
larger deletion inactivates gpt expression be-
cause it removes the promoter and amino-ter-
minal coding region of gpt.

The consequence of these deletions on the
expression of gpt in animal cells was determined
by measuring the amount of £. coli XGPRT

made after transfection of CV1 cells with pSV2-
gpt, pSV2-gpt A(Hindlll-Bglll), and pSV2-gpt
A(HindIII-Kpnl) (Fig. 8). As was the case with
the bacterial host, deletion of the first 322 nu-
cleotides of the gpt DNA segment abolished
XGPRT production. However, unlike the find-
ings in bacteria, after transfection with pSV2-
&pt A(HindIII-BglIl) DNA, the production of E.
coli XGPRT is approximately 5 to 10 times
higher than that found with the unmodified
pSV2-gpt.

DISCUSSION

Our experiments demonstrate that a bacterial
gene, gpt (Ecogpt), can be expressed in mam-
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Fic. 8. Eiectrophoretic assay of GPRT in extracts
of cells transfected with DNAs containing deletions
in the gpt segment. Each track contained extract from
about 10° transfected cells. Bglll del, A(HindIII-
Bglll); Kpnl del, A(HindIII-Kpnl).

malian cells when it is incorporated into SV40
recombinant genomes that provide the signals
needed for transcription and translation. Tran-
scription of gpt in the pSV1 vector constructions
probably occurs from the late promoters, since
these mRNA’s appear to contain leaders spliced
to segments that contain the XGPRT coding
sequence. pSV1GT5-gpt, which contains the in-
serted segment between SV40 map positions
0.945 and 0.145, retains the splice boundaries
needed for the formation of 16S- and 19S-type
mRNA’s. As expected, corresponding sized
spliced mRNA'’s containing the gpt segment are
produced. With pSV1GT7-gpt, the gpt segment
is inserted between SV40 map positions 0.86 and
0.145, and, therefore, a splicing sequence for 16S-
type mRNA is eliminated, but the splicing se-
quence for 19S-type mRNA is retained. Not
surprisingly, the 16S-type gpt mRNA is not
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formed, but the corresponding 19S mRNA is
readily detectable. Both recombinant genomes
also give rise to a novel mRNA, one that seems
to have a late leader spliced to a sequence in the
£gpt coding region. Sequence analysis of this spe-
cies of gpt-containing mRNA is needed to iden-
tify the leader segment and the splice junctions
in this novel mRNA.

Although the splicing noted here is the first
recorded example of splicing from a eucaryote
to a procaryote RN A sequence, aberrant splicing
has also been detected with other recombinants.
SVGT7-B-globin recombinants also yield two
spliced mRNA’s; one corresponds to the ex-
pected 19S-type mRNA, and the other contains
a leader segment spliced to the 5-untranslated
segment of B-globin cDNA (23; J. L. Sklar and
P. Berg, unpublished data). Moreover, A. R.
Buchman and P. Berg (unpublished data) and
Chu and Sharp (4a) have shown that splicing
can occur between unrelated donor and acceptor
splice junctions. Additionally, SV40 leader seg-
ments are also spliced to the acceptor junction
of the B-globin large intervening sequence (D.
Canaani and P. Berg, unpublished data) and to
the rat insulin I intervening sequence (S. C.
Clark, C. Nguyen-Huu, H. M. Goodman, and P.
Berg, unpublished data). What nucleotide se-
quences signal splicing and how these are af-
fected by neighboring sequences have yet to be
explained.

A major consideration in our earlier design of
SV40 recombinants was to locate protein coding
sequences within an RNA so that they would be
expressed. In constructing SV40-8-globin re-
combinants (22), the B-globin ¢cDNA segment
was introduced into the SV40 genome at a po-
sition nearly identical to that occupied by the
VP1 coding sequence; our expectation was that
this arrangement would promote the most effi-
cient translation of the resulting SV40-8-globin
mRNA’s. But because the gpt DNA segment
was isolated solely by its ability to complement
the growth of Gpt™ E. coli, the actual location
of the codon for initiating translation of XGPRT
and the nature of the preceding sequences were
unknown. The nucleotide sequence of the 5
region of the gpt segment indicates that the most
likely initiation codon for XGPRT translation is
located 200 nucleotides from the 5" end of the 1-
kb cloned fragment and that it is preceded by
two AUG codons. Nevertheless, mRNA’s pro-
duced from each of the pSV-gpt recombinants
are translated to yield what appears to be the
bacterial enzyme. In the most extreme case, the
putative XGPRT initiator AUG in pSV1GT7-
gpt RNA is located 700 to 850 nucleotides from
the 5 terminus of the 19S-type leader segment
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and is preceded by five AUG codons: one AUG
in the leader segment, one each corresponding
to the beginning of the VP2 and VP3 coding
sequences, and two in the gpt segment. These
results indicate that a procaryote translation
initiation signal can be recognized in animal
cells; there also appears to be no block to the
initiation of translation at the internal XGPRT
initiator AUG. Although the translation of
XGPRT from minor, aberrantly spliced RNAs
cannot be rigorously excluded, we believe that
this is unlikely. The same paradoxical transla-
tion of XGPRT occurs with mRNA produced
from pSV2-gpt, which contains an intact gpt
DNA segment and, therefore, two AUG codons
before the XGPRT initiator AUG. Additional
examples of translation initiated on internal
AUD codons have also been noted with other
recombinants. For example, after transfection of
monkey cells with pSV1GT7-dhfr cDNA, dihy-
drofolate reductase is produced at high levels
from only 19S-type spliced mRNA’s, yet these
contain the two AUG codons in the SV40 se-
quence 5’ to the dihydrofolate reductase coding
sequence (Subramani, Mulligan, and Berg, un-
published data). Nevertheless, when the 8-glo-
bin ¢cDNA sequence occurs within the VPI (23)
or large T-antigen coding regions (P. J. Southern
and P. Berg, unpublished data), 8-globin is not
synthesized from the mRNA’s containing the
B-globin sequence.

These findings bear on current notions regard-
ing the general mechanism of initiation of eucar-
yote translation. The prevailing view is that with
few exceptions, only the first AUG in eucaryote
mRNA'’s serves as an initiator codon for trans-
lation (for review, see reference 14). Kozak has
suggested (14, 15) a scanning mechanism to ex-
plain the findings with eucaryote mRNA. This
involves attachment of the small ribosomal sub-
unit at or near the 5’ end of mRNA’s and move-
ment of the subunit in the 3’ direction relative
to the RNA sequence until the first AUG is
reached. Then, at some inherent efficiency, the
complete ribosome is assembled, and translation
is initiated at that site. In natural eucaryote
mRNA’s, perhaps the first AUG functions effi-
ciently to promote initiation, and significant in-
ternal initiation is pre-empted. However, it is
possible that there are neighboring structural
features in eucaryote mRNA’s which favor ini-
tiation at the first AUG codons and are ordinar-
ily absent or unavailable for initiation at internal
AUG codons. For example, the relative ability
of an internal AUG to interact with the 5'-
capped terminus of the mRNA may be impor-
tant in this regard (C. Queen, B. Paterson, and
M. Rosenberg, private communication). The in-
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creased efficiency of XGPRT production when
the two upstream AUGs are removed from gpt
are noteworthy with respect to both of these
notions. The ability to construct novel arrange-
ments of coding sequences in eucaryote mRNA'’s
and to modify, selectively, portions of these nu-
cleotide sequences provides a new way to explore
the rules governing eucaryote mRNA transla-
tion.

The present studies suggest that the require-
ments for obtaining expression of a wide variety
of procaryote genes are not formidable. Beside
£pt, the phosphotransferase gene encoding neo-
myecin resistance (Neo") from the bacterial trans-
poson Tn5 (13) has been cloned in pSV2 and
related vector DNAs and then expressed in a
variety of cultural mammalian cells (Southern
and Berg, unpublished data). There is no reason
to believe that the bacterial genes, gpt and that
coding for Neo’, are unique in their ability to be
expressed in mammalian cells. It seems more
likely that bacteria, their viruses, and simple
eucaryotes will provide a rich source of genes for
the modification of mammalian cells.
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